Introduction
============

Alzheimer\'s disease (AD) is a degenerative brain disease and the most common cause of dementia ([@b1-mmr-19-06-4897],[@b2-mmr-19-06-4897]). At the microscopic level, the hallmarks of AD are amyloid β (Aβ) deposition-induced senile plaques (SP), abnormal accumulation of Tau protein-induced neurofibrillary tangles and extensive neuronal loss ([@b3-mmr-19-06-4897]--[@b5-mmr-19-06-4897]). A key observation changing the diagnostic and therapeutic approaches to AD is that the pathological changes underlying brain degeneration and cognitive loss in patients with AD begin 10--20 years prior to the onset of dementia ([@b6-mmr-19-06-4897],[@b7-mmr-19-06-4897]). Furthermore, the cognitive dysfunction of AD patients may present years before the pathological changes can be detected. Studies have demonstrated that the Aβ oligomer-induced synaptic dysfunction is a major factor associated with early cognitive dysfunction in AD ([@b8-mmr-19-06-4897],[@b9-mmr-19-06-4897]).

Aβ is derived from a larger protein, amyloid precursor protein (APP), and includes two main forms *in vivo*: Amyloid β-peptide 1--42 (Aβ1-42) and amyloid β-peptide 1--40 (Aβ1-40) ([@b9-mmr-19-06-4897]). Of these two proteins, the proportion of Aβ1--42 is lower than that of Aβ1-40, but Aβ1--42 polymerizes more readily and is more toxic ([@b6-mmr-19-06-4897]). Furthermore, soluble Aβ1--42 oligomers are also more neurotoxic than Aβ1--40 ([@b10-mmr-19-06-4897]--[@b12-mmr-19-06-4897]). Studies on mouse hippocampal neurons overexpressing the APP gene revealed that excitatory neuronal synaptic transmission was impaired, reflected in the significant attenuation of miniature excitatory postsynaptic currents (mEPSCs) ([@b13-mmr-19-06-4897]). Synaptic dysfunction caused by Aβ oligomers is an important cause of the cognitive decline observed in AD, and synaptic dysfunction may affect synaptic plasticity events associated with learning and memory, namely long-term potentiation (LTP) and long-term depression (LTD) ([@b14-mmr-19-06-4897]). Soluble Aβ1-42-perfused hippocampal sections and *in vivo* experiments demonstrated that Aβ, and its oligomers, can suppress the formation of LTP in the hippocampus ([@b15-mmr-19-06-4897]--[@b17-mmr-19-06-4897]) or facilitate LTD ([@b18-mmr-19-06-4897]), potentially leading to an early decrease in cognitive function in AD. Furthermore, inhibitors of Aβ oligomers can alleviate the damage of LTP caused by Aβ ([@b19-mmr-19-06-4897]). Therefore, identifying factors that can alleviate synaptic dysfunction is crucial for the prevention and treatment of AD.

Endophilin A, which is composed of three homologous cytosolic proteins (endophilin A1-3, also termed endophilin 1--3) is highly expressed in the nervous system. Endophilin 1 is only expressed in the brain, endophilin 2 is found in multiple tissues and endophilin 3 is predominantly expressed in the brain and testis ([@b20-mmr-19-06-4897],[@b21-mmr-19-06-4897]). Endophilin A has been reported to have a key role in endocytosis, including synaptic vesicle endocytosis and member receptor endocytosis ([@b22-mmr-19-06-4897]--[@b25-mmr-19-06-4897]). In the study of Ren *et al* ([@b26-mmr-19-06-4897]), endophilin 1 was found to be highly expressed in the brain of patients with AD and AD transgenic mice. An increase in endophilin 1 levels in neurons is associated with an increase in the activation of the stress kinase JNK, with subsequent neuronal death ([@b26-mmr-19-06-4897]). The present study demonstrated that soluble Aβ can cause synaptic dysfunction in cultured hippocampal neurons, and endophilin 1 is highly expressed prior to the death of neurons. By coupling RNA interference and electrophysiological recording techniques in cultured hippocampal neurons, it was shown that knockdown of endophilin 1 prevents synaptic dysfunction induced by Aβ.

Materials and methods
=====================

### Plasmids and RNA interference

Total RNA was extracted from the brain of 1 1-month-old male Sprague-Dawley (SD) rat (purchased from the Laboratory Animal Center of Sun Yat-Sen University and immediately sacrificed upon arrival) using an RNeasy Mini Kit (Qiagen, Inc.). The first-strand cDNA was generated using Superscript II reverse transcriptase (Thermo Fisher Scientific, Inc.) and RT was performed according to the manufacturer\'s protocol. Target DNA fragments were amplified by PCR using the following primers designed and synthetized according to the GenBank Database: Forward 5′-ATAGAATTCATGTCGGTGGCGGGG-3′ (containing an Eco*RI* target sequence) and reverse, 5′-TAAGTCGACCTAATGGGGCAGAGC-3′ (containing a Sal*I* target sequence). PCR was conducted as follows: 95°C for 3 min, followed by 34 cycles of 95°C for 50 sec, 58°C for 50 sec and 72°C for 2 min, and finally 72°C for 15 min. The full-length endophilin 1 cDNA fragment was inserted into pEGFP-C1 plasmid (Clontech Laboratories, Inc.). The construct was verified by sequencing. The methods used for constructing cDNA plasmids were previously described in detail ([@b27-mmr-19-06-4897],[@b28-mmr-19-06-4897]). Validated endophilin 1 small interfering RNA (Endo1 siRNA; 5′-GGGCTAAACTCAGTATGAT-3′) and negative control (NC; 5′-AGCTAGGCATATGACTGTA-3′) were synthesized by Shanghai GenePharma Co., Ltd.

### Preparation of Aβ1--42 oligomers

Aβ1--42 (human) was purchased from Tocris Bioscience. The lyophilized powder was solubilized in 50 mM Tris Buffer to 200 µM and stored at −20°C according to the manufacturer\'s instructions. Prior to use, stock solutions were thawed and incubated at 37°C for 24 h to induce peptide aggregation and then diluted to the final concentration (1 or 50 µM) in culture medium as previously described ([@b29-mmr-19-06-4897]).

### Cell culture and transfection

293 cells (a gift from Dr Mingtao Li, Zhongshan School of Medicine, Sun Yat-Sen University, Guangzhou, China) culture was performed as described previously ([@b27-mmr-19-06-4897],[@b28-mmr-19-06-4897]). Cells were maintained in DMEM (Gibco, Thermo Fisher Scientific, Inc.) supplied with 10% FBS (Gibco, Thermo Fisher Scientific, Inc.) and penicillin/streptomycin (Invitrogen; Thermo Fisher Scientific, Inc.) in a 5% CO~2~ and 37°C incubator. To determine the efficacy and specificity of Endo1 siRNA, 100 pmol Endo1 siRNA or NC together with 2 µg endophilin 1-pEGFP-C1 plasmid were co-transfected into 293 cells using calcium phosphate (Beyotime Institute of Biotechnology). The calcium phosphate/DNA precipitate were maintained in the culture for 4 h and washed with fresh transfection media. Then fresh culture medium was added and further analysis was performed 24--48 h after transfection.

### Western blotting

After co-transfection for 24--48 h, the 293 cells were lysed in lysis buffer \[150 mM NaCl, 20 mM Tris, 1 mM EDTA, 1% Triton X-100, and protease inhibitors cocktail (Sigma-Aldrich; Merck KGaA)\] on ice for 30 min. The lysates were centrifuged at 20,000 × g for 15 min at 4°C. The supernatants were then recovered and quantified using a bicinchoninic acid protein quantification assay (Pierce; Thermo Fisher Scientific, Inc.). Proteins were separated by SDS-PAGE, with \~30 µg protein loaded per lane of 10% gels, which was then electrophoretically transferred onto PVDF membranes (Pierce; Thermo Fisher Scientific, Inc.). The membranes were blocked with 5% non-fat milk in TBS and 0.1% Tween-20 at room temperature for 1 h, and then incubated with endophilin 1 antibody (cat. no. sc-10874; Santa Cruz Biotechnology, Inc.) at a dilution of 1:1,000 overnight at 4°C. After 3--4 washes with TBS and 0.1% Tween-20, the membranes were incubated with horseradish peroxidase-conjugated Donkey anti Goat IgG (H + L) secondary antibody (cat. no. AS031; ABclonal Biotech Co., Ltd.) at a dilution of 1:1,000 for 2 h at room temperature. The protein bands were detected after developing the blots using SuperSignal West Femto Maximum Sensitivity Substrate (Pierce; Thermo Fisher Scientific, Inc.). Western blot bands were quantified by densitometric analysis using Image-Pro Plus 6.0 (Media Cybernetics, Inc.)

### Hippocampal neuronal culture and transfection

Rat hippocampal neurons were cultured as described previously ([@b24-mmr-19-06-4897]). A total of 50 postnatal SD rat pups (days 0 to 1) were purchased from the Laboratory Animal Center of Sun Yat-Sen University and immediately sacrificed upon arrival. Hippocampi were dissected from SD rat pups, and dissociated hippocampal neurons were obtained using 0.125% trypsin at 37°C for 10 min and plated at a density of 1×10^4^ cells/cm^2^ onto poly-D-lysine coated glass coverslips. Cultures were maintained in Neurobasal A medium (Invitrogen; Thermo Fisher Scientific, Inc.) containing 2% B27 (Invitrogen; Thermo Fisher Scientific, Inc.) and 0.5 mM glutamine supplement (Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C in a 5% CO~2~ humidified incubator, and half of the culture media was replaced every 3 days. The neurons were cultured *in vitro* in 24-well culture plates for 8--10 days prior to transfection. To transfect neurons in 24-well tissue culture plates, 100 pmol of Endo1 siRNA or its control was combined with 37 µl of 2 M CaCl~2~ solution in sterile, deionized water to a final volume of 300 µl, and then mixed well with 300 µl of 2X HEPES-buffered saline. The mixtures were vortexed and incubated at room temperature for \~4 min. In each well, 30 µl mixture was added drop-wise to the cells. Additionally, 1 µg/well GFP plasmid was co-transfected with the siRNA to mark the transfected cells. The calcium phosphate/DNA precipitate were maintained in the culture for 40 min and washed with fresh transfection media twice. At 24--48 h after transfection, 1 µM Aβ1--42 oligomer was added to the culture medium.

### Fluorescence immunostaining

Three days after Endo1 siRNA transfection, the hippocampal neurons were fixed with 4% paraformaldehyde at room temperature for 1 h (Sigma-Aldrich; Merck KGaA). Immunostaining was then performed using a standard protocol, as described previously ([@b26-mmr-19-06-4897]). The primary anti-endophilin 1 antibody (cat no. sc-10874; Santa Cruz Biotechnology, Inc.) was used at a dilution of 1:100, and Alexa Fluor^®^ 594 AffiniPure Donkey anti-Goat IgG (H + L; cat no. 705-585-147; Jackson ImmunoResearch Laboratories, Inc.) was used at a dilution of 1:500. After staining, the cells were mounted on glass slides using Fluoro Gel II with DAPI (Electron Microscopy Sciences) and imaged with a Carl Zeiss LSM 710 confocal microscope (Carl Zeiss AG). Images were acquired with the same optical slice thickness in every channel using a 63× oil objective and a resolution of 1,024×1,024 pixels. The RNA interference efficiency in hippocampal neurons was determined by calculating the percentage of endophilin 1-positive cells, as previously described ([@b30-mmr-19-06-4897]).

### Determination of neuronal survival rate

To assess the survival rate of hippocampal neuronal, hippocampal neurons were exposed to 0, 1 and 50 µM Aβ. At 24 h after exposure, the hippocampal neurons were fixed with 4% paraformaldehyde at room temperature for 1 h (Sigma-Aldrich; Merck KGaA) and nuclear staining with DAPI was performed as described above. After staining, the cells were mounted on glass slides using Fluoro Gel II without DAPI (Electron Microscopy Sciences) and imaged with Nikon Eclipse Ti-S fluorescence microscope (Nikon Corporation). The number of live cells (as assessed by DAPI staining; small bright blue nuclei indicated dead cells) per coverslip at the completion of the experiment was counted. As a small number of glial cells are mixed in the cultured neurons, only the death of neurons was counted by also viewing cells under bright field microscopy. The neuronal survival rate was calculated as the number of living cells divided the total number of neurons. The experiment was performed five times with three fields analyzed per view.

### Electrophysiology

Whole-cell patch-clamp recordings of mEPSCs were obtained from transfected cultured hippocampal neurons treated with Aβ oligomers on 8--12 days *in vitro* (DIV). During the recordings, the cells were bathed in an external solution (pH 7.3) containing 128 mM NaCl, 5 mM KCl, 2 mM CaCl~2~, 1 mM MgCl~2~, 15 mM glucose, 20 mM HEPES, 1 mM tetrodotoxin, and 100 µM picrotoxin. Recording pipettes were filled with the intracellular solution containing 147 mM KCl, 5 mM Na~2~-phosphocreatine, 2 mM EGTA, 10 mM HEPES, 2 mM MgATP and 0.3 mM Na~2~GTP. Recordings were performed at room temperature in voltage clamp mode, at a holding potential of −70 mV, using a Multiclamp 700 B amplifier (Molecular Devices, LLC) and Clampex 10.5 software (Axon Instruments; Molecular Devices, LLC). The series resistance was \<30 MΩ, and data were acquired at 10 kHz and filtered at 1 kHz. mEPSCs were analyzed using MiniAnalysis software (Synaptosoft, Inc.), and the experiments were repeated at least three times.

### Statistical analysis

Data are presented as the mean ± standard error. The statistical significance of the differences between two groups was analyzed using Student\'s t-test and comparisons between more than two groups were performed using one-way analysis of variance with Newman-Keuls post hoc tests. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Oligomeric Aβ causes synaptic dysfunction in cultured hippocampal neurons

Data from several studies has demonstrated that Aβ causes synaptic dysfunction. For example, overexpression of APP in hippocampal neurons depresses excitatory transmission ([@b13-mmr-19-06-4897]). In addition, when brain slices were incubated with 1 µM Aβ1--42 oligomers, the frequency and amplitude of mEPSCs were markedly reduced ([@b13-mmr-19-06-4897],[@b16-mmr-19-06-4897]). To determine whether oligomeric Aβ can cause synaptic dysfunction in cultured hippocampal neurons, cultured DIV8 hippocampal neurons were incubated with 1 µM Aβ1--42 oligomers or control solvent for 24 h, then mEPSCs were recorded using the whole-cell patch-clamp technique. The neurons selected for electrophysiological examination in the two groups are shown in [Fig. 1A](#f1-mmr-19-06-4897){ref-type="fig"}. The cells were healthy and exhibited similar membrane capacitance (88.86±7.94 vs. 87.44±5.99 pF; [Fig. 1B](#f1-mmr-19-06-4897){ref-type="fig"}) and resting potential (−54.8±2.06 vs. −58.7±1.83 mV; [Fig. 1C](#f1-mmr-19-06-4897){ref-type="fig"}) in control and Aβ groups, indicating that soluble Aβ does not affect the intrinsic electrophysiological properties of neurons. As shown in [Fig. 1D-F](#f1-mmr-19-06-4897){ref-type="fig"}, the frequency (3.28±0.29 vs. 1.87±0.24 Hz; P\<0.01; [Fig. 1E](#f1-mmr-19-06-4897){ref-type="fig"}) and amplitude (16.22±1.56 vs. 10.00±1.32 pA; P\<0.01; [Fig. 1F](#f1-mmr-19-06-4897){ref-type="fig"}) of the mEPSCs in neurons processed with oligomeric Aβ decreased significantly when compared with the control group. These data suggest that oligomeric Aβ can cause synaptic dysfunction in cultured hippocampal neurons.

### Endophilin 1 is highly expressed during synaptic dysfunction induced by Aβ

It was previously demonstrated that endophilin 1 is highly expressed in patients with AD patients and an AD mouse model ([@b26-mmr-19-06-4897]). To investigate whether the expression of endophilin 1 is also altered in Aβ-treated neurons, cultured mature neurons were incubated in 1 µM Aβ1--42 for 24 h, and then the expression of endophilin 1 was detected by western blot analysis. The results demonstrated that the expression of endophilin 1 in the Aβ-treated group was significantly higher than in the control group (P\<0.01; [Fig. 2A and B](#f2-mmr-19-06-4897){ref-type="fig"}). Furthermore, to assess whether 1 µM Aβ1--42 induced the death of neurons, hippocampal neurons were treated with 0, 1 and 50 µM oligomeric Aβ1--42 for 24 h. As shown in [Fig. 2C](#f2-mmr-19-06-4897){ref-type="fig"}, neurons treated with 1 µM Aβ1--42 were healthy, as in the control group, whereas neurons treated with 50 µM Aβ1--42 exhibited broken cell bodies and collapsed protrusions. DAPI staining further confirmed that there was no neuronal death in the group treated with 1 µM Aβ1--42 for 24 h ([Fig. 2D](#f2-mmr-19-06-4897){ref-type="fig"}). These results indicate that oligomeric Aβ promotes endophilin 1 expression before it causes neuronal death.

### Interfering with the expression of endophilin 1 attenuates the synaptic dysfunction caused by Aβ

To elucidate whether endophilin 1 is involved in Aβ-induced synaptic dysfunction, RNA interference and electrophysiological recording techniques were performed using cultured hippocampal neurons.

An siRNA targeting endophilin 1 was designed, and its interference efficacy was determined by immunoblotting through transfecting Endo1 siRNA or NC together with endophilin1-pEGFP-C1 plasmids into 293 cells. As shown in [Fig. 3A](#f3-mmr-19-06-4897){ref-type="fig"}, endophilin 1 expression was barely detectable in 293 cells co-transfected with the Endo1 siRNA, indicating that the interference fragment was effective.

The effectiveness of Endo1 siRNA in cultured hippocampal neurons was also confirmed. As shown in [Fig. 3B](#f3-mmr-19-06-4897){ref-type="fig"}, compared with NC, the expression of endogenous endophilin 1 was markedly knocked down in Endo1 siRNA-transfected neurons. As shown in [Fig. 3B](#f3-mmr-19-06-4897){ref-type="fig"}, endophilin 1 was expressed in both hippocampal neurons transfected with NC (green and red co-localized fluorescence) as well as untransfected neurons (red fluorescence only), and red fluorescence was evenly distributed in the cell body and processes of each neuron. However, invisible or very weak red fluorescence was distributed in the cell body of neurons transfected with Endo1 siRNA (identified by GFP fluorescence). These results indicate that the expression of endogenous endophilin 1 was reduced by the specific siRNA. To further elucidate the effect of Endo1 siRNA on endogenous endophilin 1, the experiment was repeated four times and the number of endophilin 1-positive neurons in the NC and Endo1 siRNA groups were counted; the result demonstrated that 9.47±0.91% neurons transfected with Endo1 siRNA were positive for endophilin 1 staining, while 94.24±1.19% neurons transfected with NC were positive for endophilin 1 staining. These results indicate that Endo1 siRNA effectively reduced the expression of endogenous endophilin 1 in cultured hippocampal neurons. This result was consistent with previous validation results for subtype-specific siRNAs targeting endophilin ([@b30-mmr-19-06-4897]).

Finally, to explore the role of endophilin 1 in Aβ-induced synaptic dysfunction, cultured DIV8 hippocampal neurons were transfected with NC or Endo1 siRNAs for 48 h and incubated with 1 µM Aβ1--42 oligomers for a further 24 h. Subsequently, the mEPSCs of neurons transfected with NC and Endo1 siRNA were measured using electrophysiological recording techniques. As shown in [Fig. 4A](#f4-mmr-19-06-4897){ref-type="fig"}, healthy cells with the same membrane capacitance and resting potential were selected to determine the intrinsic electrophysiological properties of transfected neurons ([Fig. 4B and C](#f4-mmr-19-06-4897){ref-type="fig"}). As shown in [Fig. 1](#f1-mmr-19-06-4897){ref-type="fig"}, the administration of oligomeric Aβ reduced both the frequency and amplitude of mEPSCs. When endophilin 1 was silenced in cells treated with Aβ, the frequency (2.55±0.31 vs. 1.72±0.25 Hz; P\<0.05; [Fig. 4E](#f4-mmr-19-06-4897){ref-type="fig"}) and amplitude (14.22±1.21 vs. 9.68±0.79 pA; P\<0.01; [Fig. 4F](#f4-mmr-19-06-4897){ref-type="fig"}) of mEPSCs were increased significantly compared with the NC group. Of note, in the absence of Aβ, there were no significant differences between the frequency or amplitude of mEPSCs in NC- and Endo1 siRNA-transfected cells (data not shown), indicating that the effects of knockdown of endophilin1 on synaptic function were dependent on the presence of Aβ. Therefore, the results suggested that knockdown of endophilin 1 expression can reduce oligomeric Aβ-induced synaptic dysfunction.

Discussion
==========

Accumulating evidence indicates that oligomeric Aβ has an important role in the cognitive impairment of patients with AD ([@b3-mmr-19-06-4897],[@b4-mmr-19-06-4897]). During the early stages of AD, before a large number of neurons are lost, oligomeric Aβ can induce synaptic dysfunction, which is an important cause of cognitive decline in patients with AD ([@b6-mmr-19-06-4897]). Therefore, using various methods to prevent synaptic damage and rescuing damaged synapses may help prevent AD-related cognitive impairment, and improve learning and memory ability.

Synaptic disorders include changes in synaptic numbers, abnormal synaptic transmission and synaptic plasticity. The present study demonstrated that 1 µM Aβ1--42 can cause synaptic dysfunction in cultured hippocampal neurons, which is manifested by a decrease in the frequency and amplitude of mEPSCs, which is consistent with the results of a previous study on APP overexpression in mouse hippocampal neurons ([@b13-mmr-19-06-4897]). Alteration of mEPSCs is closely associated with the inhibition of presynaptic vesicle transport and postsynaptic glutamate receptor transport induced by Aβ ([@b13-mmr-19-06-4897]). The effect of Aβ on postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)-type glutamate receptors has a more important role ([@b13-mmr-19-06-4897]). It has been demonstrated that Aβ can inhibit the induction and maintenance of LTP by directly or indirectly interfering with the insertion and localization of AMPA receptors in the postsynaptic membrane ([@b17-mmr-19-06-4897],[@b31-mmr-19-06-4897]). Furthermore, Aβ can enhance LTD by promoting endocytosis and enzymatic hydrolysis of AMPA receptors ([@b18-mmr-19-06-4897],[@b32-mmr-19-06-4897]). The frequency and amplitude of mEPSCs mediated by AMPA receptors in hippocampal sections was reported to be markedly attenuated following perfusion with 1 µM Aβ1--42 ([@b12-mmr-19-06-4897]).

Endophilin is an important contributor to clathrin-dependent endocytosis, and includes three subtypes, endophilins 1--3 ([@b20-mmr-19-06-4897],[@b21-mmr-19-06-4897]). Among the three endophilin subtypes, which exhibit high homology, endophilin 1 is specifically expressed in the central nervous system and distributed in neuronal cell bodies and at synaptic sites ([@b21-mmr-19-06-4897],[@b25-mmr-19-06-4897]). Previous studies have demonstrated that endophilin 1 has an important role in the regulation of synaptic vesicle endocytosis ([@b30-mmr-19-06-4897],[@b33-mmr-19-06-4897]). Knockdown or mutation of endophilin 1 inhibits neuronal synaptic vesicle endocytosis, resulting in synaptic transmission disorders ([@b30-mmr-19-06-4897],[@b33-mmr-19-06-4897]). In recent years, Ren *et al* ([@b26-mmr-19-06-4897]) reported that endophilin 1 is highly expressed in patients with AD and AD transgenic mice. The increase in endophilin 1 levels in neurons is associated with an increase in the activation of the stress kinase JNK, with subsequent neuronal death ([@b26-mmr-19-06-4897]). The present study demonstrated that endophilin 1 is highly expressed when synaptic dysfunction occurs. We hypothesize that synaptic dysfunction occurs earlier than neuronal death, because endophilin 1 is mainly distributed at the synaptic site ([@b25-mmr-19-06-4897]). The initial increase in endophilin 1 caused by Aβ may induce synaptic transmission disorder via regulation of postsynaptic receptors. With the increased neurotoxicity, the increasing endophilin 1 level will alter JNK activation, with the subsequent death of neurons. However, the more detailed mechanisms via which endophilin 1 causes synaptic inhibition and neuronal death require further research.

Endophilin has been reported to have an important role in endocytosis of postsynaptic AMPA receptor ([@b25-mmr-19-06-4897]). AMPA receptor endocytosis is mainly achieved via a clathrin-dependent pathway ([@b34-mmr-19-06-4897]). Two subtypes of endophilin A (endophilin 2 and endophilin 3) have been demonstrated to be involved in AMPA receptor endocytosis mediated by the immediate early gene activity regulated cytoskeleton associated protein (Arc/Arg3.1). Endocytosis proteins, such as endophilin 2/3 and dynamin, form complexes with Arc/Arg3.1 to mediate AMPA receptor endocytosis ([@b25-mmr-19-06-4897]). However, none of these proteins were shown to have a direct interaction with AMPA receptor ([@b25-mmr-19-06-4897]). It was subsequently demonstrated that endophilin 2 interacts with glutamate ionotropic receptor AMPA type subunit 1, which is one of the subunits of the AMPA receptor, to mediate AMPA receptor endocytosis ([@b35-mmr-19-06-4897]). In addition, endophilin 1 and endophilin 2 are predominantly found as stable dimers interacting via a coiled-coil domain in their conserved NH~2~-terminal moiety ([@b36-mmr-19-06-4897]), and they have similar effects on calcium-dependent interactions with other proteins and synaptic vesicle endocytosis ([@b30-mmr-19-06-4897]). Therefore, it was hypothesized that endophilin 1, which has a similar function to endophilin 2, may be involved in Aβ-mediated AMPA receptor endocytosis. Endophilin B also has been reported be associated with AD; however, unlike endophilin 1, loss of the endophilin B1 subunit exacerbates AD pathology. In mouse primary cortical neuron cultures, overexpression of the neuron-specific endophilin B1 isoform protected against Aβ-induced apoptosis and mitochondrial dysfunction ([@b37-mmr-19-06-4897]). These studies suggest that isoform specificity results in different roles within the mechanism of AD. The current study demonstrated the effect of endophilin 1 knockdown on the frequency and amplitude of mEPSCs in cultured neurons incubated with Aβ, and concluded that knockdown of endophilin 1 prevents synaptic dysfunction induced by Aβ. However, further research is required to determine whether this process is due to inhibition of AMPA receptor endocytosis.

In summary, the present study revealed that silencing of endophilin 1 expression alleviates oligomeric Aβ-mediated synaptic dysfunction. These findings may provide experimental evidence for identifying targets for AD prevention and treatment.
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![Electrophysiology of cultured hippocampal neurons treated with oligomeric 1 µM Aβ. (A) Image of a neuron obtained from patch recording captured using an inverted fluorescence microscope. Scale bar, 50 µm. Bar plots represent the mean values of resting (B) capacitance and (C) membrane potentials of patched neurons in the control and oligomeric Aβ-processed groups. n=10 cells per group. (D) mEPSC tracings are shown for control and oligomeric Aβ-treated neurons. (E) mEPSC frequency in control and oligomeric Aβ-treated neurons. (F) mEPSC amplitude in control and oligomeric Aβ-treated neurons. n=16 cells per group, \*\*P\<0.01 vs. control. Aβ, amyloid β; mEPSC, miniature excitatory postsynaptic current.](MMR-19-06-4897-g00){#f1-mmr-19-06-4897}

![Increased expression of endophilin 1 in neuronal synaptic dysfunction induced by oligomeric Aβ. (A) Hippocampal neurons were treated with Aβ. After 48 h, endophilin 1 and GAPDH were probed using the designated antibodies. (B) Relative expression of endophilin 1 in the two groups n=4. (C) Photomicrographs illustrating hippocampal neurons treated with 0, 1 and 50 µM oligomeric Aβ. Scale bar, 25 µm. (D) DAPI staining assay showing survival of hippocampal neurons treated with 0, 1 and 50 µM oligomeric Aβ. Scale bar, 50 µm. n=5 per group. \*\*P\<0.01 vs. control. Aβ, amyloid β; IB, immunoblot; Endo 1, endophilin 1.](MMR-19-06-4897-g01){#f2-mmr-19-06-4897}

![Verification of the efficacy of endophilin 1 siRNA. (A) 293 cells were co-transfected with endophilin 1-pEGFP-C1 plasmids and Endo1 siRNA or NC. After 48 h, endophilin 1 and GAPDH as a control in the cell lysates were probed by the designated antibodies. (B) Images of neurons co-transfected with green fluorescent protein and NC or Endo1 siRNA. Cultures were fixed after transfection for 2--3 days and stained using endophilin 1 antibody (red). Scale bar, 20 µm. (C) Percentage of endophilin 1-positive neurons in the two groups. n=4, \*\*P\<0.01. Endo1, endophilin 1; siRNA, small interfering RNA; NC, negative control; IB, immunoblot; GFP, green fluorescent protein; Input, endophilin 1-pEGFP-C1 plasmid transfection only.](MMR-19-06-4897-g02){#f3-mmr-19-06-4897}

![Electrophysiology of endophilin 1 knockdown neurons processed by oligomeric Aβ. (A) Image of a neuron obtained from patch recording. Scale bar, 50 µm. Mean values of (B) capacitance and (C) resting membrane potentials of patched neurons in NC + Aβ and Endo1 siRNA + Aβ groups. n=10 cells per group. (D) mEPSC tracings from NC + Aβ and Endo1 siRNA + Aβ groups. (E) mEPSC frequency and (F) amplitude in NC + Aβ and Endo1 siRNA + Aβ group, n=16 cells per group, \*P\<0.05, \*\*P\<0.01 vs. NC + Aβ. NC, negative control; Aβ, amyloid β; Endo1, endophilin 1; siRNA, small interfering RNA; mEPSC, miniature excitatory postsynaptic current.](MMR-19-06-4897-g03){#f4-mmr-19-06-4897}
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